Testing of a sub-scale scramjet research engine model was carried out in the March 6 Ramjet Testing of a sub-scale scramjet research engine model was carried out in the March 6 Ramjet Engine Test Facility of the National Aerospace Laboratory, Kakuda Research Center. By attaching a Engine Test Facility of the National Aerospace Laboratory, Kakuda Research Center. By attaching a short strut on the top wall, intensive combustion with high combustion efficiency was attained, and short strut on the top wall, intensive combustion with high combustion efficiency was attained, and the engine-produced thrust canceled the drag. The flame was held in the low-velocity region around the engine-produced thrust canceled the drag. The flame was held in the low-velocity region around the step, even after the ignitors had been turned off. When the fuel flow rate was small, there was a the step, even after the ignitors had been turned off. When the fuel flow rate was small, there was a different combustion mode with weak combustion and little thrust. Tangential injection of fuel intendifferent combustion mode with weak combustion and little thrust. Tangential injection of fuel intensive combution. sive combution.
Introduction Introduction
Study of an aerospace plane is being carried out to Study of an aerospace plane is being carried out to create a new transportation system to low earth orbit. create a new transportation system to low earth orbit.
One of the engines that will be used in the aerospace One of the engines that will be used in the aerospace plane, the scramjet, is being studied at the National plane, the scramjet, is being studied at the National at the center at the center 1,2) 1,2) . . In a previous test under Mach 6 flight condition, In a previous test under Mach 6 flight condition,
Experimental Apparatus and Methods

Test facility Test facility
The test conditions in the RJTF are shown in The test conditions in the RJTF are shown in Table 1 . They correspond to the flight conditions of Table 1 . They correspond to the flight conditions of Mach 6 with a flight dynamic pressure of 64 kPa. ComMach 6 with a flight dynamic pressure of 64 kPa. Compressed air was heated by a ceramic storage heater. pressed air was heated by a ceramic storage heater.
The supersonic nozzle had exit dimensions of 51 cm The supersonic nozzle had exit dimensions of 51 cm by 51 cm. The boundary layer thickness was 58 mm, by 51 cm. The boundary layer thickness was 58 mm, and the displacement thickness was 20 mm at the enand the displacement thickness was 20 mm at the enThis document is provided by JAXA.
gine entrance according to pitot pressure measuregine entrance according to pitot pressure measurement ment 3) 3) . . Figure 1 shows a schematic diagram of the engine Figure 1 shows a schematic diagram of the engine model. In the present testing, the engine had a short model. In the present testing, the engine had a short strut on the top wall. Its height was 50 mm, one-fifth strut on the top wall. Its height was 50 mm, one-fifth that of the engine model. The engine had a side wall that of the engine model. The engine had a side wall compression-type inlet, and the contraction ratio was compression-type inlet, and the contraction ratio was three. There was a duct with a constant cross section three. There was a duct with a constant cross section area between the inlet and the combustor, which acted area between the inlet and the combustor, which acted as an isolator. The model had two plasma ignitors as an isolator. The model had two plasma ignitors 4) 4) each with 2.5 kW power. It employed oxygen as its each with 2.5 kW power. It employed oxygen as its working gas. There was no fuel injection from the working gas. There was no fuel injection from the strut. There was a backward-facing step between the strut. There was a backward-facing step between the isolator and the combustor for both flame holding and isolator and the combustor for both flame holding and isolation of pressure increase in the combustor. Its isolation of pressure increase in the combustor. Its height, h, was 4 mm on the side walls, and 2 mm on height, h, was 4 mm on the side walls, and 2 mm on the top wall. the top wall.
Engine model Engine model
The fuel, hydrogen, was injected normal to the The fuel, hydrogen, was injected normal to the side walls through 24 holes, or tangentially to the side side walls through 24 holes, or tangentially to the side walls through 24 holes on the steps. Their throat diwalls through 24 holes on the steps. Their throat diameter was 1.5 mm. The total temperature of the fuel ameter was 1.5 mm. The total temperature of the fuel was approximately 280 K, and the total pressure of the was approximately 280 K, and the total pressure of the fuel varied from 3.6 to 6.3 MPa, according to the fuel fuel varied from 3.6 to 6.3 MPa, according to the fuel flow rate. The pilot fuel was supplied through 6 holes flow rate. The pilot fuel was supplied through 6 holes on the top wall and 94 holes on the side walls, the dion the top wall and 94 holes on the side walls, the diameter of each being 0.5 mm. Fuel flow rates were ameter of each being 0.5 mm. Fuel flow rates were measured by metering orifices. The difference of the measured by metering orifices. The difference of the fuel flow rates from the normal injection holes downfuel flow rates from the normal injection holes downstream of the step was estimated about stream of the step was estimated about . The dif-. The difference was due to the dynamic pressure distribution ference was due to the dynamic pressure distribution in the manifold. in the manifold.
The engine was not cooled. Its walls consisted of The engine was not cooled. Its walls consisted of tough pitch copper, and the leading edges of the side tough pitch copper, and the leading edges of the side wall, the top wall, and the cowl were made of nickel. wall, the top wall, and the cowl were made of nickel.
The 
Measurements Measurements
Wall pressure and wall temperature at 1 mm from Wall pressure and wall temperature at 1 mm from the inner surface of the model were measured. In the the inner surface of the model were measured. In the present paper, the wall pressure, present paper, the wall pressure, P Pw w , is non-, is nondimensionalized with the total pressure, dimensionalized with the total pressure, PO PO, in the , in the reservoir of the wind tunnel of the RJTF. In the followreservoir of the wind tunnel of the RJTF. In the following figures, the pressure of the top wall was measured ing figures, the pressure of the top wall was measured along the center line of the channel. The measurement along the center line of the channel. The measurement error of non-dimensionalized wall pressure was error of non-dimensionalized wall pressure was 0.0001 in the inlet, in the divergent part of the com-0.0001 in the inlet, in the divergent part of the combustor (D.C.), and in the nozzle, while it was bustor (D.C.), and in the nozzle, while it was 0.0005 0.0005 in the isolator (Is.) and in the constant duct part of the in the isolator (Is.) and in the constant duct part of the combustor (C.C.). combustor (C.C.).
Heat flux, Heat flux,, was estimated from the rate of wall , was estimated from the rate of wall temperature change measured by thermo-couples. temperature change measured by thermo-couples.
The Fourier number was about 0.5 in the present testThe Fourier number was about 0.5 in the present testing, so the heat flux was expressed as follows ing, so the heat flux was expressed as follows 5,6) 5,6) : :
Here, Here, , , c c , , , , T T , and , and t t denote density, specific denote density, specific heat, thickness of the wall, temperature, and time, reheat, thickness of the wall, temperature, and time, respectively. The error of heat flux was spectively. The error of heat flux was 2.5 2.5 in the in the present testing. present testing.
Thrust, lift, and pitching moment were measured Thrust, lift, and pitching moment were measured by a floating frame force measurement system (FMS). by a floating frame force measurement system (FMS).
The error of forces was The error of forces was 50 N. The center of pitch-50 N. The center of pitching moment was set at ing moment was set at x x 741.43 mm and 741.43 mm and y y 135.8 135.8 mm as shown in Fig. 1 . Here, the mm as shown in Fig. 1 . Here, the x x coordinate is the coordinate is the distance from the origin as shown in Fig. 1 , and the distance from the origin as shown in Fig. 1 , and the y y coordinate is the distance from the top wall. The coordinate is the distance from the top wall. The x1 x1
coordinate is the distance from the leading edge of coordinate is the distance from the leading edge of the side wall. The top wall was at the side wall. The top wall was at y y 0 mm and the 0 mm and the cowl surface was at cowl surface was at y y 250 mm. 250 mm.
Fuel supply conditions Fuel supply conditions
Nine tests from Nine tests from 12 to 12 to 20 were conducted in 20 were conducted in the present series. The fuel flow rates of the tests are the present series. The fuel flow rates of the tests are listed in Table 2 . The timing for opening of each fuel listed in 
One-Dimensional Calculation One-Dimensional Calculation
Neither the pitot pressure measurement nor the Neither the pitot pressure measurement nor the gas sampling were carried out in the engine or downgas sampling were carried out in the engine or downstream of the engine in the present testing. Therefore, stream of the engine in the present testing. Therefore, a one-dimensional flow calculation model was cona one-dimensional flow calculation model was constructed to investigate the test results and estimate structed to investigate the test results and estimate the model engine performances, e.g., the Mach numthe model engine performances, e.g., the Mach numbers in the engine model, the kinetic energy efficiency bers in the engine model, the kinetic energy efficiency of the inlet, and the combustion efficiency. The asof the inlet, and the combustion efficiency. The assumptions and calculation conditions were as follows. sumptions and calculation conditions were as follows.
(1) In the engine model of the one-dimensional (1) In the engine model of the one-dimensional calculation, the effect of the swept angle was ignored, calculation, the effect of the swept angle was ignored, and the distance from the leading edge, and the distance from the leading edge, x1 x1, was used , was used when the calculated results were compared with the when the calculated results were compared with the experimental data. experimental data.
(2) In the calculation model, a mass capture ratio of (2) In the calculation model, a mass capture ratio of the inlet of 0.86 was chosen based on the spillage calthe inlet of 0.86 was chosen based on the spillage calculated by the two-dimensional shock wave relation culated by the two-dimensional shock wave relation and the measured boundary layer displacement thickand the measured boundary layer displacement thickness ness 3) 3) . The definition of the mass capture ratio is as . The definition of the mass capture ratio is as follows : follows :
(Mass capture ratio) (Mass capture ratio) (Air mass flow rate at exit of (Air mass flow rate at exit of the inlet) the inlet) (Air mass flow rate with primary flow mass (Air mass flow rate with primary flow mass flux to the projected area at entrance of theengine) flux to the projected area at entrance of theengine) ( 3) The stream thrust function of the spilled air was (3) The stream thrust function of the spilled air was set equal to that of the incoming airflow set equal to that of the incoming airflow 7) 7) . . (4) The air and the combustion gas were equilib-(4) The air and the combustion gas were equilibrium flows through the engine. rium flows through the engine. (6) The hydrogen burned all at once in a stoichio-(6) The hydrogen burned all at once in a stoichiometric condition with the specified combustion effimetric condition with the specified combustion efficiency at the specified location. The location of heat ciency at the specified location. The location of heat release was estimated by the measured heat flux and release was estimated by the measured heat flux and wall pressure. The residual hydrogen mixed with the wall pressure. The residual hydrogen mixed with the residual air. residual air.
(7) The kinetic energy efficiency of the inlet and the (7) The kinetic energy efficiency of the inlet and the combustion efficiency in the one-dimensional model combustion efficiency in the one-dimensional model were decided to show the similar distribution of the were decided to show the similar distribution of the calculated wall pressure to that of the measured one. calculated wall pressure to that of the measured one. 
Results
The operating condition with air flow only is termed The operating condition with air flow only is termed the reference condition. The reference condition was the reference condition. The reference condition was expressed as expressed as air air in the figures.
in the figures. Table 3 . In Fig. 2(d) , the scale of the wall pressure is Table 3 . In Fig. 2(d) , the scale of the wall pressure is different. different.
Effect of strut Effect of strut
The pressure level with the strut was 1.5 times as The pressure level with the strut was 1.5 times as high as that without the strut around the backwardhigh as that without the strut around the backwardfacing step. On the top wall, the level became higher facing step. On the top wall, the level became higher than that without the strut. It can thus be seen that an than that without the strut. It can thus be seen that an increase in pressure was attained by attachment of the increase in pressure was attained by attachment of the strut. strut.
There was a pressure drop just downstream of the There was a pressure drop just downstream of the backward-facing step. The pressure behind the step backward-facing step. The pressure behind the step seemed to be too high, compared with other results seemed to be too high, compared with other results 9) 9) . . This was due to the difficulty in measuring very low This was due to the difficulty in measuring very low pressure in the present testing, and also to the effect pressure in the present testing, and also to the effect of the boundary layer. A thick boundary layer supof the boundary layer. A thick boundary layer suppresses the decrease of pressure behind the step presses the decrease of pressure behind the step 10) 10) . . At At y y 240 mm, the pressure ratio increased down-240 mm, the pressure ratio increased downstream of the step. This was caused by shock wave stream of the step. This was caused by shock wave impingement. impingement.
The pressure level near the cowl was very high The pressure level near the cowl was very high with or without the strut. The pressure first dropped with or without the strut. The pressure first dropped at the entrance of the isolator, and then increased at the entrance of the isolator, and then increased downstream. The decrease was due to the expansion downstream. The decrease was due to the expansion at the inlet-isolator corner on the side wall, and the at the inlet-isolator corner on the side wall, and the increase of the pressure was due to the shock wave increase of the pressure was due to the shock wave According to the calculated results by the shock wave According to the calculated results by the shock wave relation, the air flow turns toward the cowl at 5 derelation, the air flow turns toward the cowl at 5 degrees at the exit of the inlet. When the air recovers grees at the exit of the inlet. When the air recovers parallel to the cowl surface, the pressure becomes 1.5 parallel to the cowl surface, the pressure becomes 1.5
times as high as that upstream of the shock wave. In times as high as that upstream of the shock wave. In the experiment, around the step, the wall pressure at the experiment, around the step, the wall pressure at y y 240 mm 240 mm 210 mm was about 1.5 times as high as 210 mm was about 1.5 times as high as that at that at y y 125 mm and agreed with the above estima-125 mm and agreed with the above estimation. tion.
According to the one-dimensional calculation, the According to the one-dimensional calculation, the kinetic energy efficiency of the inlet was estimated to kinetic energy efficiency of the inlet was estimated to be 0.992, which corresponded to a totalpressure effibe 0.992, which corresponded to a totalpressure effi- Table 4 . are listed in Table 4 .
The operating condition of The operating condition of 16d was similar to 16d was similar to that of the previous testing ; the flame was seen on that of the previous testing ; the flame was seen on the top wall side only at the exit of the nozzle the top wall side only at the exit of the nozzle 1,2) 1,2) . Ac-. According to the photos of cording to the photos of 19e and 19e and 18d, the inten18d, the intensive combustion was attained ; the flame spilled out sive combustion was attained ; the flame spilled out from the leading edge of the cowl in from the leading edge of the cowl in 19e and in 19e and in 18d. The fuel flow rate of 18d. The fuel flow rate of 18d was smaller than that 18d was smaller than that of the previous test, when there was only weak comof the previous test, when there was only weak combustion like in bustion like in 16d 16d 1,2) 1,2) . . mm, the level of the wall pressure was much higher mm, the level of the wall pressure was much higher around the step than that of the reference condition, around the step than that of the reference condition, and the ratio of pressure downstream of the step to and the ratio of pressure downstream of the step to that upstream of the step was 1.3 to 1.6, meaning that that upstream of the step was 1.3 to 1.6, meaning that there was a large, low-velocity region due to combusthere was a large, low-velocity region due to combustion behind the step. The large deflection angle on the tion behind the step. The large deflection angle on the cowl, which was due to combustion, was estimated to cowl, which was due to combustion, was estimated to be 22 degrees from the wall pressure distribution at be 22 degrees from the wall pressure distribution at y y 240 mm. 240 mm.
Visual observation -schlieren photo Visual observation -schlieren photo
The shock wave at the step at The shock wave at the step at y y 240 mm passed 240 mm passed x1 x1 1100 mm 1100 mm y y 125 mm and seemed to impinge 125 mm and seemed to impinge at at x1 x1 1500 mm on the top wall. The second pressure 1500 mm on the top wall. The second pressure peak around peak around x1 x1 1100 mm at 1100 mm at y y 125 mm seemed to 125 mm seemed to be due to the shock wave, but the second peak around be due to the shock wave, but the second peak around x1 x1 1100 mm at 1100 mm at y y 45 mm did not correspond to the 45 mm did not correspond to the location of the shock wave exactly. The second peak location of the shock wave exactly. The second peak pressure around pressure around x1 x1 1100 mm at 1100 mm at y y 45 mm seemed 45 mm seemed to be due to combustion. to be due to combustion. In In 16d, the level of the wall pressure was slightly 16d, the level of the wall pressure was slightly higher than that of the reference condition in the higher than that of the reference condition in the downstream part of the combustor and in the nozzle, downstream part of the combustor and in the nozzle, especially around the top wall. The engine was in the especially around the top wall. The engine was in the weak-combustion mode. Though there was a pressure weak-combustion mode. Though there was a pressure increase behind the step at increase behind the step at y y 240 mm, the high-pres-240 mm, the high-pressure region behind the step was short, and the pressure region behind the step was short, and the pressure level was more similar to that of the reference sure level was more similar to that of the reference condition than to that of condition than to that of 19e. There was no inten19e. There was no intensive heat release behind the step. According to the sive heat release behind the step. According to the one-dimensional calculation, the combustion efficiency one-dimensional calculation, the combustion efficiency of of 19e was 95 19e was 95 , while the efficiency of , while the efficiency of 16d was 16d was only only . .
In In 18d, the mean pressure distribution in the 18d, the mean pressure distribution in the inlet was different from that of the reference condiinlet was different from that of the reference condition, and the engine model was in the unstart condition, and the engine model was in the unstart condition. The pressure distribution on the top wall was tion. The pressure distribution on the top wall was similar to that on the side wall except at similar to that on the side wall except at y y 240 mm, 240 mm, and the level of the pressure was high. Near the cowl, and the level of the pressure was high. Near the cowl, the level of the wall pressure was not high, and it was the level of the wall pressure was not high, and it was similar to that of the reference condition. The deflecsimilar to that of the reference condition. The deflection angle on the cowl becomes large because of the tion angle on the cowl becomes large because of the large flow-deflection toward the cowl in the inlet large flow-deflection toward the cowl in the inlet caused by the separation on the top wall, and there is caused by the separation on the top wall, and there is a strong shock wave from the leading edge of the cowl. a strong shock wave from the leading edge of the cowl.
According to the pressure distribution in the inlet, the According to the pressure distribution in the inlet, the pressure ratio across the separation shock wave was pressure ratio across the separation shock wave was 5, and the Mach number behind the shock wave was 5, and the Mach number behind the shock wave was 3.6, respectively. The effect of the separation shock 3.6, respectively. The effect of the separation shock wave encompassed most of the inlet. Though the preswave encompassed most of the inlet. Though the pressure was high in the inlet, it was much lower than the sure was high in the inlet, it was much lower than the pressure after the normal shock wave. It would have pressure after the normal shock wave. It would have been non-dimensionalized pressure of 0.04, if the norbeen non-dimensionalized pressure of 0.04, if the normal shock had existed at the entrance of the inlet. mal shock had existed at the entrance of the inlet. tions. In the reference condition, the heat fluxes were tions. In the reference condition, the heat fluxes were roughly uniform. roughly uniform.
Heat flux Heat flux
When the engine was in the intensive-combustion When the engine was in the intensive-combustion mode as in mode as in 19e, the level of the heat flux was high 19e, the level of the heat flux was high in the combustor and in the nozzle. The heat flux can in the combustor and in the nozzle. The heat flux can increase upstream of combustion due to the increase increase upstream of combustion due to the increase of the heat transfer coefficient, but the effect of adiaof the heat transfer coefficient, but the effect of adiabatic wall temperature on heat flux is much greater batic wall temperature on heat flux is much greater than that of the heat transfer coefficient. The large than that of the heat transfer coefficient. The large heat flux indicates the location of combustion gas. On heat flux indicates the location of combustion gas. On the top wall, the location of the first peak heat flux the top wall, the location of the first peak heat flux agreed with the step position. The wall pressure graduagreed with the step position. The wall pressure gradually increased, but the heat flux first decreased downally increased, but the heat flux first decreased downstream of the first peak, then increased. The location stream of the first peak, then increased. The location of the second peak agreed with that of the second peak of the second peak agreed with that of the second peak of the wall pressure. Because there was no impingeof the wall pressure. Because there was no impingement of a strong shock wave there, the large heat flux ment of a strong shock wave there, the large heat flux was due to heat release, and the primary heat release was due to heat release, and the primary heat release occurred in the divergent part of the combustor on occurred in the divergent part of the combustor on the top wall. On the top wall, there were no primary the top wall. On the top wall, there were no primary fuel injection ports, so fuel had to travel some distance fuel injection ports, so fuel had to travel some distance from the side wall to the top wall. from the side wall to the top wall.
On the side wall, there was a shoulder point at the On the side wall, there was a shoulder point at the step, and there was a peak point in the divergent part step, and there was a peak point in the divergent part of the combustor. At of the combustor. At y y 125 mm, the second peak 125 mm, the second peak pressure at pressure at x1 x1 1100 mm was similar to the first one 1100 mm was similar to the first one at at x1 x1 800 mm, while the peak heat flux at 800 mm, while the peak heat flux at x1 x1 1000 1000 mm was higher than the flux at mm was higher than the flux at x1 x1 800 mm. Accord-800 mm. According to the one-dimensional calculation of the intensiveing to the one-dimensional calculation of the intensivecombustion mode, the heat flux from the combustion combustion mode, the heat flux from the combustion gas was 2.2 MW gas was 2.2 MW m m 2 2 , and that from the residual air , and that from the residual air was 0.7 MW was 0.7 MW m m 2 2 on the side wall of the constant duct on the side wall of the constant duct part of the combustor. The level of the measured heat part of the combustor. The level of the measured heat flux on the side wall was similar to that due to the comflux on the side wall was similar to that due to the combustion gas in the one-dimensional calculation. bustion gas in the one-dimensional calculation.
In the weak-combustion mode of In the weak-combustion mode of 16d, the heat 16d, the heat flux distribution on the top wall was slightly larger than flux distribution on the top wall was slightly larger than that of the reference condition in the nozzle. It agreed that of the reference condition in the nozzle. It agreed with the wall pressure distribution of Fig. 5(a) . There with the wall pressure distribution of Fig. 5(a) . There was a small peak of heat flux around the step on the was a small peak of heat flux around the step on the top wall, and such a peak was also observed in top wall, and such a peak was also observed in 19e. 19e.
It seemed to be due to the pilot fuel combustion by It seemed to be due to the pilot fuel combustion by the plasma ignitors. On the side wall, the heat flux level the plasma ignitors. On the side wall, the heat flux level was lower around the step than that of the reference was lower around the step than that of the reference condition. The flame did not propagate from the top condition. The flame did not propagate from the top wall to the side wall behind the step. wall to the side wall behind the step.
In the unstart condition of In the unstart condition of 18d, the top wall was 18d, the top wall was cooled around the step, and the heat flux distribution cooled around the step, and the heat flux distribution resembled that of the reference condition downstream resembled that of the reference condition downstream of the combustor on the top wall, while the heat fluxes of the combustor on the top wall, while the heat fluxes were high around the step on the side wall. On the were high around the step on the side wall. On the cowl, the level was near that of the reference condicowl, the level was near that of the reference condition, as well as the level of the wall pressure. In the tion, as well as the level of the wall pressure. In the inlet, the level of the heat flux was about four times as inlet, the level of the heat flux was about four times as high as that of the reference condition. The wall preshigh as that of the reference condition. The wall pressure in Fig. 5(c) was also about four times as high as sure in Fig. 5(c) was also about four times as high as that of the reference condition. The increase of heat that of the reference condition. The increase of heat flux in the inlet in the unstart condition was due to the flux in the inlet in the unstart condition was due to the increase of the pressure level, i.e., an increase of the increase of the pressure level, i.e., an increase of the heat transfer coefficient. heat transfer coefficient. Table 4 lists thrust, lift, and pitching motioned later. Table 4 lists thrust, lift, and pitching moment of typical operating conditions. ment of typical operating conditions.
Force and moment Force and moment
Discrete changes in thrust level can be seen in Discrete changes in thrust level can be seen in Fig. 7(a) . The thrust was large in the intensive-com- Fig. 7(a) . In the intensive-combustion mode, the lift was negative. The pressure bustion mode, the lift was negative. The pressure around the cowl was very high in the vicinity of the around the cowl was very high in the vicinity of the step, indicating that the large force on the cowl canstep, indicating that the large force on the cowl canceled the lifting force in the inlet. In the weak-comceled the lifting force in the inlet. In the weak-combustion mode, there was weak combustion around the bustion mode, there was weak combustion around the top wall in the divergent part of the combustor, so the top wall in the divergent part of the combustor, so the lift was slightly larger than that of the reference conlift was slightly larger than that of the reference condition. In the unstart condition, the lift became very dition. In the unstart condition, the lift became very large due to the high pressure in the inlet. large due to the high pressure in the inlet. test, even in the reference condition. This was due to test, even in the reference condition. This was due to the high pressure at the step near the cowl and the the high pressure at the step near the cowl and the bottomless shape of the inlet. In the intensive-combottomless shape of the inlet. In the intensive-combustion mode, the large force acted on the cowl in the bustion mode, the large force acted on the cowl in the y-direction, and thus the pitching moment became y-direction, and thus the pitching moment became large. In the unstart condition, the pitching moment large. In the unstart condition, the pitching moment was also large due to the high pressure level in the was also large due to the high pressure level in the inlet. In the weak-combustion mode, the pressure on inlet. In the weak-combustion mode, the pressure on the top wall was slightly larger than that of the referthe top wall was slightly larger than that of the reference condition in the divergent part of the combustor ence condition in the divergent part of the combustor and in the nozzle, so the pitching moment was slightly and in the nozzle, so the pitching moment was slightly smaller than that measured in the reference condition. smaller than that measured in the reference condition. Once intensive combustion was attained, the efOnce intensive combustion was attained, the effect of the plasma ignitors was limited in their vicinity fect of the plasma ignitors was limited in their vicinity and the flame was held irrespective of the plasma igand the flame was held irrespective of the plasma ignitors. nitors.
3 Effect of plasma ignitor 3 Effect of plasma ignitor flame holders flame holders
4 Intensive combustion 4 Intensive combustion 4.4.1 Effect of fuel flow rate 4.4.1 Effect of fuel flow rate
There were four operations of the intensive-comThere were four operations of the intensive-combustion mode in the present testing. The fuel flow rates bustion mode in the present testing. The fuel flow rates and the thrust are listed in Table 5 . Figures 10(a) to and the thrust are listed in Table 5 . 
Effects of fuel injection method Effects of fuel injection method
In test In test 20, as shown in Table 6 , the usage of only 20, as shown in Table 6 , the usage of only the normal injection of the primary fuel was not able the normal injection of the primary fuel was not able to attain intensive combustion in to attain intensive combustion in 20c. The addition 20c. The addition of the side wall pilot fuel resulted in the intensive comof the side wall pilot fuel resulted in the intensive combustion in bustion in 20d. The concentration of the fuel or the 20d. The concentration of the fuel or the total fuel flow rate also seemed to be important in the total fuel flow rate also seemed to be important in the vicinity of the step. vicinity of the step.
On the other hand, in the present testing, the On the other hand, in the present testing, the intensive combustion in intensive combustion in 19e and 19e and 20d and the 20d and the weak combustion in weak combustion in 12c were observed at the same 12c were observed at the same total fuel flow rate of around 45 g total fuel flow rate of around 45 g s s -1 -1 as shown in Table  as shown in Table injected downstream of the step in injected downstream of the step in 19e and 19e and 20d, 20d, while it was injected upstream of the step in while it was injected upstream of the step in 12c. 12c.
Though the concentration of the fuel around the step Though the concentration of the fuel around the step was important, the normal fuel injection downstream was important, the normal fuel injection downstream of the step was indispensable for attaining intensive of the step was indispensable for attaining intensive combustion. combustion.
In the present testing, tangential fuel injection In the present testing, tangential fuel injection was investigated in only one test, i.e., was investigated in only one test, i.e., 20. The fuel 20. The fuel flow rate rates are listed in Table 7 . The thrust deflow rate rates are listed in Table 7 . The thrust decreased with the tangential injection of fuel as shown creased with the tangential injection of fuel as shown in Fig. 6 and Table 7 . The thrust produced by the tanin Fig. 6 and Table 7 . The thrust produced by the tangential, unburned gas injection was about 100 N in gential, unburned gas injection was about 100 N in 20e and 20e and 20f. The decrease of drag in 20f. The decrease of drag in 20f was 20f was mainly due to the gas injection. Figures 13 (a) to (e) mainly due to the gas injection. Figures 13 (a) to ( 
Re -start Re -start
In test In test 14, the engine moved from the unstart 14, the engine moved from the unstart condition of condition of 14d to the start condition of 14d to the start condition of 14e when 14e when the injection of the side wall pilot fuel of 9.7g the injection of the side wall pilot fuel of 9.7g s s -1 -1 was was stopped (Table 8 ). There was no difficulty in changing stopped (Table 8 ). There was no difficulty in changing from the unstart to the start condition. from the unstart to the start condition.
Discussion Discussion
Intensive combustion Intensive combustion
The mechanism of the intensive combustion, The mechanism of the intensive combustion, which produced thrust, is discussed first. Intensive which produced thrust, is discussed first. Intensive combustion was attained with the following conditions combustion was attained with the following conditions : (1) usage of a short strut, (2) normal fuel injection : (1) usage of a short strut, (2) normal fuel injection downstream of the step, and (3) a suitable fuel flow downstream of the step, and (3) a suitable fuel flow rate. rate.
Role of strut Role of strut
As shown in Fig. 2 (a) to (e), when a large amount As shown in Fig. 2 (a) to (e), when a large amount of fuel was injected normally in the model with no strut of fuel was injected normally in the model with no strut as in as in 11, there was no pressure drop at the step, 11, there was no pressure drop at the step, and the pressure level was similar to or higher than and the pressure level was similar to or higher than that of the reference condition with the strut on the that of the reference condition with the strut on the side wall. However, the pressure level on the top wall side wall. However, the pressure level on the top wall around the step was low even with such a high fuel around the step was low even with such a high fuel flow rate in the model with no strut, and the level was flow rate in the model with no strut, and the level was 0.5 times as low as that of the reference condition with 0.5 times as low as that of the reference condition with the strut. A pressure increase around the step was atthe strut. A pressure increase around the step was attained by (1) the usage of a strut around the fuel intained by (1) the usage of a strut around the fuel injector. According to results of the inlet testing with jector. According to results of the inlet testing with the strut, there was a large, disturbed, low-velocity the strut, there was a large, disturbed, low-velocity region around the foot of the strut region around the foot of the strut 12) 12) . Such a region . Such a region with high pressure was necessary for the initiation of with high pressure was necessary for the initiation of intensive combustion. However, the conditions were intensive combustion. However, the conditions were not sufficient to attain intensive combustion, because not sufficient to attain intensive combustion, because there was a weak-combustion mode even with the there was a weak-combustion mode even with the strut. strut.
Low velocity region behind the step Low velocity region behind the step
In the design procedure of the original engine In the design procedure of the original engine model which had a strut model which had a strut 2) 2) the length from the step to the length from the step to the fuel injector of 20 mm, which was five times as the fuel injector of 20 mm, which was five times as large as the height of the step, was determined so as large as the height of the step, was determined so as to avoid interaction between the separated boundary to avoid interaction between the separated boundary layer and the fuel injected behind the reattachment of layer and the fuel injected behind the reattachment of the boundary layer the boundary layer 13,14) 13, 14) . The re-circulation region . The re-circulation region behind the step was designed to be used for flame behind the step was designed to be used for flame holding of the pilot fuel. The avoidance of the interacholding of the pilot fuel. The avoidance of the interaction seemed to be necessary for preventing the gas tion seemed to be necessary for preventing the gas behind the step from reaching an overly dense fuel behind the step from reaching an overly dense fuel condition and becoming too cool. condition and becoming too cool.
Conditions ( The flame probably propagated in the low-velocity The flame probably propagated in the low-velocity region from the top wall to the cowl in the intensiveregion from the top wall to the cowl in the intensivecombustion mode. In the weak-combustion mode, combustion mode. In the weak-combustion mode, there was a pressure drop at the step on the side wall there was a pressure drop at the step on the side wall at at y y 10 mm 10 mm 45 mm ; this means that there was no 45 mm ; this means that there was no large, low-velocity region behind the step there. Thus, large, low-velocity region behind the step there. Thus, the flame did not propagate to the cowl. Once the flame the flame did not propagate to the cowl. Once the flame was propagated near the cowl, a large, low-velocity was propagated near the cowl, a large, low-velocity region was created there by combustion, and the flame region was created there by combustion, and the flame was sustained, even after the plasma ignitors were was sustained, even after the plasma ignitors were turned off. turned off. Table 9 . The coordinates of the Mach being shown in Table 9 . The coordinates of the Mach disk location were distance from the injection hole and disk location were distance from the injection hole and is also shown in Table 9 . In the calculation, the Mach is also shown in Table 9 . In the calculation, the Mach number and other properties of the primary flow were number and other properties of the primary flow were those of the one-dimensional calculation. those of the one-dimensional calculation.
Possibility of a large
According to the calculated results, the penetraAccording to the calculated results, the penetration lengths, the detachment lengths, and the fuel jet tion lengths, the detachment lengths, and the fuel jet diameters were very small. There must be no interacdiameters were very small. There must be no interaction between the boundary layer and the injected fuel tion between the boundary layer and the injected fuel on the side wall in such flow conditions as those listed on the side wall in such flow conditions as those listed in Table 9 . in Table 9 .
The boundary layer thickness of 99 The boundary layer thickness of 99 velocity was velocity was 58 mm at the entrance of the engine model 58 mm at the entrance of the engine model 3) 3) and the and the fuel injection port nearest the top wall, located at fuel injection port nearest the top wall, located at y y 5 mm, seemed to be in the boundary layer. Moreover, 5 mm, seemed to be in the boundary layer. Moreover, when there was a strut, a low velocity region was crewhen there was a strut, a low velocity region was created around its foot ated around its foot 12) 12) . Therefore, the injection port . Therefore, the injection port was in the low velocity region. When the fuel is inwas in the low velocity region. When the fuel is injected into a low Mach number flow, the detachment jected into a low Mach number flow, the detachment length, the diameter of the fuel jet, and the difference length, the diameter of the fuel jet, and the difference of the detachment length due to the fuel flow rate all of the detachment length due to the fuel flow rate all increase. For example, when the Mach number at the increase. For example, when the Mach number at the injection port is 1.4, the detachment lengths of the injection port is 1.4, the detachment lengths of the intensive-combustion mode and the weak-combustion intensive-combustion mode and the weak-combustion mode are 9 mm and 7 mm, respectively. The diameters mode are 9 mm and 7 mm, respectively. The diameters of the fuel jet of the combustion modes are 4.5 mm and of the fuel jet of the combustion modes are 4.5 mm and 3.5 mm, respectively, and the difference of the lengths 3.5 mm, respectively, and the difference of the lengths and the diameters are enlarged. Meanwhile, the reatand the diameters are enlarged. Meanwhile, the reattachment length of the boundary layer over the backtachment length of the boundary layer over the backward-facing step increases with the thickness of the ward-facing step increases with the thickness of the incoming boundary layer incoming boundary layer 10) 10) i.e., with growth of the i.e., with growth of the low-velocity region. The attachment of the strut caused low-velocity region. The attachment of the strut caused the interaction between the fuel injection and the rethe interaction between the fuel injection and the reattaching boundary layer, and the interaction created attaching boundary layer, and the interaction created a large, low-velocity region between the step and the a large, low-velocity region between the step and the fuel injection port. The interaction also spread in the fuel injection port. The interaction also spread in the y-direction on the side wall near the top wall. y-direction on the side wall near the top wall.
The tangential injection blew off the low-velocity The tangential injection blew off the low-velocity region around the step, and the flame was no longer region around the step, and the flame was no longer anchored. The operating mode thus changed to the anchored. The operating mode thus changed to the weak-combustion mode. Tangential injection with the weak-combustion mode. Tangential injection with the present fuel flow rates was not suitable for the present present fuel flow rates was not suitable for the present engine configuration or for the present engine operatengine configuration or for the present engine operating conditions. ing conditions.
Combustion efficiency Combustion efficiency
In the intensive-combustion mode, there was probIn the intensive-combustion mode, there was probably a wide, low-velocity region around the step, espeably a wide, low-velocity region around the step, especially around the cowl. Mixing and combustion probcially around the cowl. Mixing and combustion probably occurred around the low-velocity region, and this ably occurred around the low-velocity region, and this resulted in the high combustion efficiency. resulted in the high combustion efficiency.
In the weak-combustion mode, the pilot fuel flow In the weak-combustion mode, the pilot fuel flow rate from the top wall was about rate from the top wall was about of the total fuel of the total fuel flow rate, and the value was similar to that of the estiflow rate, and the value was similar to that of the estimated combustion efficiency of mated combustion efficiency of . Therefore, most . Therefore, most of the combusted fuel seemed to be the pilot fuel inof the combusted fuel seemed to be the pilot fuel injected from the top wall. There was no large, low-vejected from the top wall. There was no large, low-velocity region on the side wall in the weak-combustion locity region on the side wall in the weak-combustion mode, and there was no residence time for mixing and mode, and there was no residence time for mixing and reaction around the step. Furthermore, there was no reaction around the step. Furthermore, there was no ignition source on the side wall. The combustion obignition source on the side wall. The combustion observed in the nozzle in the weak-combustion mode was served in the nozzle in the weak-combustion mode was due to self-ignition after supersonic mixing. due to self-ignition after supersonic mixing. gradual transition from the gradual transition from the start condition to the unstart condition was observed ; start condition to the unstart condition was observed ;
Unstart condition
it clearly appeared in the top-wall pressure distribuit clearly appeared in the top-wall pressure distribution. In the present Mach 6 testing, such gradual trantion. In the present Mach 6 testing, such gradual transition was not observed. sition was not observed.
When the swept angle was small, the change from When the swept angle was small, the change from the start to the unstart condition abruptly occurred in the start to the unstart condition abruptly occurred in there was a thick, low-velocity region on the wall. there was a thick, low-velocity region on the wall.
Therefore, the low-velocity region seemed to grow Therefore, the low-velocity region seemed to grow from the cowl with the increase of the fuel flow rate, from the cowl with the increase of the fuel flow rate, and the low-velocity region seemed to reduce the suband the low-velocity region seemed to reduce the substantial cross section, and stantial cross section, and or to interact with the or to interact with the boundary layer on the side wall to induce the large boundary layer on the side wall to induce the large separation. separation.
The length of the isolator was designed to avoid The length of the isolator was designed to avoid the inlet-combustor interaction in the lowest Mach the inlet-combustor interaction in the lowest Mach number condition at the RJTF, i.e., the Mach 4 flight number condition at the RJTF, i.e., the Mach 4 flight condition, in which the pressure increase was anticicondition, in which the pressure increase was anticipated to reach the most upstream point in the isolapated to reach the most upstream point in the isolator tor 19-22) 19-22) . As planned in the design procedure, in the . As planned in the design procedure, in the present Mach 6 testing, the large pressure increase present Mach 6 testing, the large pressure increase in the isolator was not observed in the start condition in the isolator was not observed in the start condition except around the cowl. In the designing procedure, except around the cowl. In the designing procedure, the strong, inlet-isolator-cowl interaction enhanced by the strong, inlet-isolator-cowl interaction enhanced by the combustion, which appeared in the present testthe combustion, which appeared in the present testing, was unforeseeable. One of the reasons for the ing, was unforeseeable. One of the reasons for the narrow region of the start condition was the interacnarrow region of the start condition was the interac- 
Re -start Re -start
In test In test 14, the engine condition suddenly 14, the engine condition suddenly changed from the unstart to the start condition due to changed from the unstart to the start condition due to reduction of the fuel flow rate. Good re-startability is reduction of the fuel flow rate. Good re-startability is 
Concluding Remarks Concluding Remarks
A sub-scale scramjet engine model with a short A sub-scale scramjet engine model with a short strut was tested under Mach 6 flight conditions in the strut was tested under Mach 6 flight conditions in the RJTF. The following points were clarified. RJTF. The following points were clarified.
(1) Addition of a short strut was effective for inten-(1) Addition of a short strut was effective for intensive combustion. sive combustion.
(2) There were three modes of engine operation (2) There were three modes of engine operation with normal fuel injection. with normal fuel injection. (c) When the normally injected fuel flow rate was (c) When the normally injected fuel flow rate was excessive, the engine was in the unstart condiexcessive, the engine was in the unstart condition. The drag was greater than that in the contion. The drag was greater than that in the condition with air flow only. dition with air flow only.
(3) The flame was held in the low-velocity region (3) The flame was held in the low-velocity region around the step in the intensive-combustion mode, around the step in the intensive-combustion mode, especially near the cowl. Then, the flame could especially near the cowl. Then, the flame could be held without the plasma ignitors. be held without the plasma ignitors.
(4) Tangential injection with the fuel flow rates (4) Tangential injection with the fuel flow rates employed here was not suitable for the present employed here was not suitable for the present engine configuration or for the present engine opengine configuration or for the present engine operating conditions. erating conditions.
(5) In the inlet, gradual transition from the start to (5) In the inlet, gradual transition from the start to the unstart condition was not observed. Unstart the unstart condition was not observed. Unstart seemed to begin with growth of the low-velocity seemed to begin with growth of the low-velocity region around the cowl. Re-start from the unstart region around the cowl. Re-start from the unstart condition was observed when the fuel flow rate condition was observed when the fuel flow rate was reduced. was reduced. 
